Frankincense can promote blood circulation. Acetyl-11-keto-β-boswellic acid (AKBA) is a small molecule with anti-inflammatory properties that is derived from Boswellia serrata. Here, we hypothesized that it may promote regeneration of injured sciatic nerve. To address this hypothesis, we established a rat model of sciatic nerve injury using a nerve clamping method. Rats were administered AKBA once every 2 days at doses of 1.5, 3, and 6 mg/kg by intraperitoneal injection for 30 days from the 1 st day after injury. Sciatic nerve function was evaluated using the sciatic functional index. Degree of muscle atrophy was measured using the triceps surae muscle Cuadros index. Neuropathological changes were observed by hematoxylin-eosin staining. Western blot analysis was used to detect expression of phospho-extracellular signal-regulated kinase 1 and 2 (p-ERK1/2) in injured nerve. S100 immunoreactivity in injured nerve was detected by immunohistochemistry. In vivo experiments showed that 3 and 6 mg/kg AKBA significantly increased sciatic nerve index, Cuadros index of triceps muscle, p-ERK1/2 expression, and S100 immunoreactivity in injured sciatic nerve of sciatic nerve injury model rats. Furthermore, for in vitro experiments, Schwann cells were treated with AKBA at 0-20 μg/mL. Proliferation of Schwann cells was detected by Cell Counting Kit-8 colorimetry assay. The results showed that 2 μg/mL AKBA is the optimal therapeutic concentration. In addition, ERK phosphorylation levels increased following 2 μg/mL AKBA treatment. In the presence of the ERK1/2 inhibitor, PD98059 (2.5 μL/mL), the AKBA-induced increase in p-ERK1/2 protein expression was partially abrogated. In conclusion, our study shows that AKBA promotes peripheral nerve regeneration with ERK protein phosphorylation playing a key role in this process. 
Introduction
Peripheral nerve injury (PNI) is common in clinical practice. Following PNI, the distal portion of the affected nerve de-generates (Stoll et al., 2002; Yu et al., 2016) , followed by regrowth of the proximal nerve approximately 1 week after the initial injury (Raff et al., 2002; Coleman and Freeman, ate and clear axonal and myelin debris (Napoli et al., 2012; Wong et al., 2017) . SCs can then differentiate, resulting in formation of Büngner bands (Namgung, 2014) . These are unique columnar structures formed between SCs and the basement membrane, which guide the regrowing axon (Thomas and King, 1974; Wang et al., 2013) , thus enabling repair of damaged peripheral nerves.
Mitogen-activated protein kinases 1 and 2 (also known as extracellular signal-regulated kinase (ERK)1/2) are signaling proteins that play a pivotal role in the cellular signal transduction network (Kitamura et al., 2011; Mårtensson et al., 2017) . The ERK signaling pathway regulates a variety of cellular processes such as cellular proliferation, migration, differentiation, and apoptosis (Sun et al., 2015) . Previous research has shown that nerve injury promotes activation of ERK signaling in SCs, both at the injury site and throughout the distal stump (Sheu et al., 2000) . Moreover, activation of ERK signaling is sufficient to induce dedifferentiation of myelinated SCs in vitro (Harrisingh et al., 2004) . Similar to many other processes, ERK signaling plays an important role in generation, development, and function of neural progenitor cells (Jaeger et al., 2011) .
Frankincense has the effect of promoting blood circulation and tissue regeneration (Xu et al., 2009) . We have previously shown that frankincense extract has potent neuroprotective properties, including promotion of crush-injured sciatic nerve regeneration and improvement in sciatic nerve function (Jiang et al., 2016) . Acetyl-11-keto-β-boswellic acid (AKBA) is a small molecule with anti-inflammatory properties that is derived from Boswellia serrata, a plant native to India and Pakistan. AKBA is a white powdery solid that has a molecular weight of 512.72, and belongs to the tricyclic triterpenoid compounds (Bairwa and Jachak, 2015) .
We hypothesized that AKBA stimulates repair of PNI via activation of the ERK signaling pathway. Accordingly, the purpose of our present study was to investigate the functional effect of AKBA on PNI, which we assessed using a rat PNI model in vivo and SC proliferation assay in vitro.
Materials and Methods
In vivo experiments Animals A total of 120 healthy Sprague-Dawley rats (specific pathogen-free level; male and female), with body weights of 200-250 g and aged 2 months, were purchased from Harbin Medical University, Harbin, Heilongjiang Province, China (license No. SCXK (Hei) 2013-0001). Rats were maintained under SPF laboratory conditions on 12-hour light/dark cycles with free access to food and water. All procedures used in this study were approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University, China (No. 10224). Rats were randomly divided into four groups: PNI (n = 30, PNI only), low-dose AKBA (n = 30, PNI + 1.5 mg/kg AKBA), medium-dose AKBA (n = 30, PNI + 35 mg/kg AKBA), and high-dose AKBA (n = 30, PNI + 6 mg/kg AKBA).
PNI animal model establishment
Rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (3.5 mL/kg of body weight), followed by shearing and disinfection of the skin prior to surgery. The sciatic nerve of the right leg was exposed and clamped three times for 10 seconds each using 2-mm-wide pincers (Shanghai Medical Devices (Group) Co., Ltd., Shanghai, China). Location of the distal portion of the injured nerve was marked by a 10-0 nylon microscopic suture. The incision was then closed in layers (muscle and skin) using absorbable sutures. All operations were performed on the right hind limb, while the left hind limb served as the non-operated control. All surgeries were completed by one person under aseptic conditions. The experimenter was blinded to treatment (Luís et al., 2008) .
Drug intervention
All rats received intraperitoneal injection of AKBA (Shanghai Yuan-Ye BioTech Co., Ltd., Shanghai, China) dissolved in physiological saline solution to the appropriate concentration, with equivalent volumes of solution on the first day after surgery and every two days after that for a duration of 30 days. AKBA doses in the low-, medium-, and highdose AKBA groups were 1.5, 3, and 6 mg/kg body weight, respectively. Rats in the PNI group were given an equivalent volume of physiological saline (4 mL/kg).
Sciatic functional index (SFI) measurement
Evaluation of SFI was performed at days 10, 20, and 30 after injury to determine the level of motor function following nerve injury (de Medinaceli et al., 1982) . Rat hind limbs were dipped in water-soluble blue ink, and the rat allowed to walk down a track, leaving its hind footprints on the paper. A minimum of five complete clear footprints was required to calculate SFI, which was calculated as follows: SFI = 109.5 (ETS -NTS) / NTS-38.3 (EPL -NPL) / NPL + 13.3 (EIT -NIT) / Where PL is distance between the heel and third fingertip, TS is distance between the first toe and fifth finger, IT is distance between the second toe and fourth toe (Figure 1 ), E is sciatic nerve crush side, and N is normal side.
The extent of functional recovery was assessed by calculating the ratio. SFI values of 0 are considered to indicate a healthy level of function, while −100 indicates the most severe level of injury.
Triceps surae muscle Cuadros index (TSCI) measurement
TSCI is a reliable method of evaluating the extent of neurological recovery, and reflects the degree of muscle atrophy (Cuadros and Granatir, 1987) . The entire length of the triceps surae muscle of the right hind limb was excised at the point of the tendon on days 10, 20, and 30 following surgery, and weighed using an electronic balance (Sartorius Mechatronics T&H GmbH, Beijing, China). To quantify the extent of nerve injury, the ratio of triceps surae muscle weight to body weight was then calculated by the Cuadros method: calf triceps surae muscle mass / body mass × 100 (Sang et al., 2008) , (Koryak, 1995) .
Hematoxylin and eosin (H&E) staining
Crushed nerve samples (about 1 cm in length) were excised on day 30 after injury. Samples were fixed in 10% formaldehyde solution for > 72 hours, followed by step-by-step dehydration in ethyl alcohol solution before mounting on glass slides. Next, H&E staining was performed and samples observed using a light microscope (Beijing Ou Bo Tong Optical Technology Co., Ltd., Beijing, China).
Western blot assay
Protein was extracted from excised, injured nerves on days 10, 20, and 30 after injury. Levels of ERK1/2 and phospho-ERK1/2 (P-ERK1/2) were then quantified by western blot assay. Protein samples were separated using 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis, followed by electroblotting onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked by incubation in 5% nonfat milk solution for 2 hours. Membranes with attached transferred proteins were incubated with rabbit anti-ERK1/2 antibody (1:1,000; Cell Signaling Technology, Danvers, MA, USA) and rabbit anti-P-ERK1/2 antibody (1:1,000; Cell Signaling Technology) overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:2,000; Cell Signaling Technology) for 2 hours at 37°C. Reaction products were visualized by chemiluminescence detection using an ECL Western Blotting Detection System (GE Healthcare, Piscataway, NJ, USA). Quantification of relative band densities was performed by scanning densitometry using ImageJ software (National Institute of Health, Bethesda, MD, USA). Relative expression of P-ERK 1/2 was expressed as an optical density value ratio of P-ERK 1/2 to ERK 1/2. A similar procedure was performed using mouse anti-lyceraldehyde-3-phosphate dehydrogenase (GAPDH) primary antibody (1:1,000, Cell Signaling Technology), with GAPDH protein used as an internal control.
Immunohistochemical analysis S100 can be used as a biomarker of SC activation (Mata et al., 1990) . Distal sciatic nerve segments were removed on day 30 after injury. Samples were embedded in paraffin sections followed by immunohistochemical staining with rabbit anti-S100 antibody (1:400, Wuhan Boster Biological Engineering Co., Ltd., Wuhan, China). The ratio of integrated optical density to area on each section was calculated using Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA).
In vitro experiments Proliferation assay
Cultured SCs at the fifth passage (purchased from the Chinese Academy of Sciences, Shanghai, China) were used for cytotoxicity assays. Cells were randomly divided into experimental and control groups. 1.0 × 10 5 quiescent SCs (100,000 per well) were grown in 96-well culture plates. Cells were incubated in Dulbecco's Minimum Essential Medium (DMEM) supplemented with 10% fetal bovine serum. AKBA concentration in the culture medium of experimental groups was 1.25, 2.5, 5, 10, or 20 µg/mL. Cells in the control group were incubated with an equivalent volume of physiological saline solution containing no AKBA. SCs were incubated for 24 hours at 37°C in an atmosphere containing 5% CO 2 . Ten µL of Cell Counting Kit-8 (CCK-8) solution (5 mg/mL) was added to each well 4 hours prior to the cell viability assay. Next, the liquid was removed and 200 µL DMEM added. The absorbance level in each well was measured at a wave length of 490 nm using an enzyme-linked immunosorbent assay reader (Bio-Rad, Tokyo, Japan). For the proliferation assay, AKBA concentration in the culture medium of experimental groups was 1, 2, or 4 µg/mL, and was incubated for 12, 24, 36, or 48 hours. All other procedures were the same as those described for the cytotoxicity assay.
Expression of ERK1/2 and p-ERK1/2 in cultured SCs
SCs were cultured in AKBA (2 µg/mL) in 6-well plates for 0, 6, 12, or 24 hours. At each timepoint, cells were harvested on ice using a cell scraper, lysed in 1 mL radioimmunoprecipitation assay (RIPA) buffer containing 10 µL phenyl-methylsulfonyl fluoride and 10 µL Na 3 VO 4 , incubated at 4°C for 30 minutes, and then centrifuged at 15,000 × g for 15 minutes. Supernatants were boiled and then mixed with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. Levels of p-ERK/ERK was determined by western blot assay. PD98059 (Cell Signaling Technology) is regarded as an ERK signaling inhibitor that reduces ERK phosphorylation levels. The four experimental groups included a control group (without AKBA and PD98059), inhibitor group (2.5 μL/mL PD98059 only), drug-treated group (2 µg/mL AKBA only), and drug-inhibitor group (2 µg/mL AKBA + 2.5 μL/mL PD98059). Inhibitor was diluted in complete medium before being exposed to cells for 24 hours. Levels of p-ERK/ERK were determined by western blot assay, with cell viability assessed by CCK-8 colorimetry assay in all groups.
Statistical analysis
Mean values from different treatment groups were compared by t-test, which was calculated using GraphPad Prism 5.0 statistical analysis software (GraphPad Software, Inc., La Jolla, CA, USA). P values < 0.05 were considered to indicate statistically significant differences.
Results

In vivo experiments
Effect of AKBA on sciatic nerve function in the rat sciatic nerve injury model Motor function was evaluated on days 10, 20, and 30 after sciatic nerve crush injury. Gradual recovery of sciatic nerve function was observed in rats from all groups. However, sciatic nerve function remained poor in the PNI group (Figure 2 ). Sciatic nerve function was significantly improved in rats in the high-dose AKBA group at days 20 and 30 compared with the PNI group (P < 0.01). Similarly, sciatic nerve function was significantly improved in rats in the medium-dose AKBA group compared with the PNI group (P < 0.05). However, no significant differences in sciatic nerve function were observed between rats in the low-dose AKBA group compared with PNI at any time point.
Effect of AKBA on TSCI in the rat sciatic nerve injury model The effect of AKBA on sciatic nerve function was measured by TSCI on days 10, 20, and 30 after nerve injury (Figure 3) . Significantly higher TSCI (indicating superior sciatic nerve function) was observed in the high-dose AKBA group at day 10 compared with the PNI group (P < 0.05). Furthermore, TSCI was significantly higher in the medium-dose and highdose AKBA groups at days 20 and 30 after surgery compared with the PNI group (P < 0.05).
Effect of AKBA on pathological changes of injured sciatic nerve in the rat sciatic nerve injury model Injured sciatic nerves were examined histologically by H&E staining of samples obtained at 30 days after surgery. Light microscopy showed that injured sciatic nerves were swollen with a deliquescent appearance and low density of nerve fibers in the PNI group ( Figure 4A) . Further, injured sciatic nerves from the low-dose AKBA group showed signs of segmental nerve fiber bending ( Figure 4B) . Samples from the medium-dose AKBA group revealed swollen and deli-quescent nerve fibers, with more nerve fibers compared with the PNI group ( Figure 4C) . Minor swelling of nerve fibers was observed in sciatic nerve samples from rats in the high-dose AKBA group (Figure 4D) .
Effect of AKBA on p-ERK1/2 expression in injured sciatic nerve in the rat sciatic nerve damage model Expression of ERK1/2 and p-ERK1/2 was investigated at days 10, 20, and 30 after injury. Expression of ERK1/2 was virtually unchanged at all time points in the injured nerve of rats from different groups (data not shown). Significant increases in p-ERK1/2 expression were observed in the medium-dose and high-dose AKBA groups compared with the PNI group at day 20 after surgery (P < 0.05). p-ERK1/2 expression was significantly higher in all AKBA treatment groups compared with the PNI group at 30 days after surgery (P < 0.05; Figure 5 ).
Effect of AKBA on S100 immunoreactivity in injured sciatic nerve in the rat sciatic nerve injury model S100 immunoreactivity was detected in the injured sciatic nerve at day 30 after surgery ( Figure 6) . A significant increase was observed in S100 immunoreactivity in both the medium-and high-dose AKBA groups compared with the PNI group at 30 days after surgery (P < 0.05).
In vitro experiments
Effect of AKBA on cytotoxicity and proliferation of SCs AKBA promoted SC proliferation in a concentration range of 1.25-5 µg/mL. However, SC proliferation was inhibited by AKBA at a concentration of > 5 µg/mL ( Figure 7A) . Overall, 2 µg/mL AKBA was considered the best treatment concentration ( Figure 7B) .
Effect of AKBA on p-ERK1/2 expression in SCs
At all time points, ERK1/2 expression was virtually unchanged in cultured SCs from different groups ( Figure 8A ). Significant increases in p-ERK1/2 expression were observed following 6, 12, or 24 hour-incubation with AKBA (2 µg/mL) compared with p-ERK1/2 expression at 0 hour (P < 0.05; Figure 8B ). Expression of p-ERK1/2 was significantly enhanced after AKBA treatment in a time-dependent manner.
In the presence of the ERK1/2 inhibitor, PD98059, the AKBA-induced increase in p-ERK1/2 protein expression was partially abrogated (Figure 9A, B) . Similarly, the AK-BA-induced increase in cell proliferation was partially abrogated, but still significantly higher compared with the control group ( Figure 9C ).
Discussion
Our in vivo experiments show that the regenerative ability of injured peripheral nerve increases with increasing AKBA concentration. Thus, this effect of AKBA on injured peripheral nerve is dose-dependent, although needs further investigation. We also determined the effect of AKBA at a range of concentrations on SC growth in vitro. Our results show that AKBA at a concentration range of 1.25-5 μg/mL significantly promotes fibroblast proliferation, peaking at 2 μg/mL. However, AKBA inhibited cell proliferation when the concentration exceeded 20 µg/mL. Many research studies have demonstrated that natural plant extracts can accelerate cell proliferation, playing a positive role within an optimal concentration range (Li et al., 2001 ). However, negative effects using the same extracts are often observed when concentrations are too high. Studying the inhibitory effect of AKBA has shown that at a high concentration, AKBA is able to inhibit the inflammatory response via inhibition of the nuclear factor kappa B (NF-κB) signaling pathway (Takada et al., 2006) , and is also protective against ischemia/reperfusion injury (Ding et al., 2014) . Interestingly, in this study, we show that AKBA at an optimized concentration can activate the Ras/ERK signaling pathway, which increases SC proliferation. It is well known that SCs play a vital role in repair of PNI.
ERK1/2 is one of the most widely studied proteins, and its relationship with proliferation has been shown in many cell types (He et al., 2007; Zhao et al., 2010) . Here, we show that AKBA treatment increases p-ERK1/2 expression in SCs. PD98059 inhibits either basal mitogen-activated protein kinase kinase 1 (MEK1) or partially activated MEK produced by mutation of serine at residues 218 and 222 to glutamate (MEK-2E). PD98059 does not inhibit the mitogen-activated protein kinase (MAPK) homologues, c-Jun N-terminal kinase (JNK) and P38. PD98059 is highly selective against MEK and does not inhibit the activity of many other kinase including Raf kinase, cyclic adenosine monophosphate-dependent kinase, protein kinase C, v-Src, epidermal growth factor (EGF) receptor kinase, insulin receptor kinase, platelet derived growth factor (PDGF) receptor kinase, and phosphatidylinositol 3-kinase. PD98059 inhibits PDGF-stimulated activation of MAPK (Dudley et al., 1995) . SC proliferation is associated with ERK signaling through inhibition of ERK1/2 phosphorylation (Virdee and Tolkovsky, 1996) . In fact, ERK1/2 expression is clearly observed in sciatic nerves undergoing repair (Mårtensson et al., 2007; Tsuda et al., 2011) . Activation of p-ERK signaling has also been shown to promote proliferation of SCs (Tsuda et al., 2011) . These findings are consistent with our results. Higher SFI represents greater sciatic function. Data were expressed as the mean ± SD and analyzed by t-test. *P < 0.05, ** P < 0.01, vs. PNI group. PNI group: Peripheral nerve injury (PNI) model only; low-dose AKBA group: PNI model + 1.5 mg/kg AKBA for 30 days; medium-dose AKBA group: PNI model + 3 mg/kg AKBA for 30 days; and high-dose AKBA group: PNI model + 6 mg/kg AKBA for 30 days. Sciatic nerve function was measured at 10, 20, and 30 days after surgery by SFI. Figure 3 Effect of acetyl-11-keto-β-boswellic acid (AKBA) on triceps surae muscle Cuadros index (TSCI) in the rat sciatic nerve injury model. Higher TSCI indicates superior sciatic nerve function. Data were expressed as the mean ± SD and analyzed by t-test. *P < 0.05, **P < 0.01, vs. PNI group. PNI group: Peripheral nerve injury (PNI) model only; low-dose AKBA group: PNI model + 1.5 mg/kg AKBA for 30 days; medium-dose AKBA group: PNI model + 3 mg/kg AKBA for 30 days; and high-dose AKBA group: PNI model + 6 mg/kg AKBA for 30 days. Sciatic nerve function was measured on days (d) 10, 20, and 30 after injury using TSCI. Our in vivo experiments show that AKBA significantly promotes peripheral nerve repair and SC proliferation after rat sciatic nerve injury. This is consistent with our in vitro experiments. Thus, we propose a hypothesis that increased p-ERK1/2 expression promotes cell proliferation while stimulating cell secreted active factors to promote repair of PNI. Although this study shows that AKBA promotes repair of PNI, the mechanisms involved remain unclear. In future studies, we will improve the rat sciatic nerve injury model (e.g., cutting the sciatic nerve) or use a different mode of administra-tion to further determine its mechanism. (A) Schwann cells were incubated with 2 µg/mL AKBA at 0, 6, 12, and 24 hours followed by western blot assay. (B) p-ERK1/2 expression was quantified at each time point. Relative expression of p-ERK1/2 was expressed by a ratio of optical density values of p-ERK1/2 to ERK1/2. Data were expressed as the mean ± SD and analyzed by t-test. *P < 0.05, **P < 0.01, vs. control group (0 hours). (A) p-ERK1/2 expression in Schwann cells treated without AKBA or PD98059 (control group), with ERK1/2 inhibitor PD98059 only, 2 µg/mL AKBA only, or 2 µg/mL AKBA + 2.5 μL/mL PD98059. (B) p-ERK1/2 expression was quantified from different groups by western blot assay. Relative p-ERK 1/2 expression was expressed by a ratio of optical density values of p-ERK1/2 to ERK1/2. (C) Quantitative results of cell proliferation detected by CCK-8 colorimetry assay. Cell proliferation was expressed as a ratio of optical density values of target group to control group (0 µg/mL). Data were expressed as the mean ± SD and analyzed by t-test. *P < 0.05, **P < 0.01, vs. control group. 
